Drosophila telomeres constitute a remarkable exception to the telomerase mechanism. Although maintaining the same cytological and functional properties as telomerase maintain telomeres, Drosophila telomeres embed the telomere retrotransposons whose specific and highly regulated terminal transposition maintains the appropriate telomere length in this organism. Nevertheless, our current understanding of how the mechanism of the retrotransposon telomere works and which features are shared with the telomerase system is very limited. We report for the first time a detailed study of the localization of the main components that constitute the telomeres in Drosophila, HeT-A and TART RNAs and proteins. Our results in wild type and mutant strains reveal localizations of HeT-A Gag and TART Pol that give insight in the behavior of the telomere retrotransposons and their control. We find that TART Pol and HeT-A Gag only co-localize at the telomeres during the interphase of cells undergoing mitotic cycles. In addition, unexpected protein and RNA localizations with a well-defined pattern in cells such as the ovarian border cells and nurse cells, suggest possible strategies for the telomere transposons to reach the oocyte, and/or additional functions that might be important for the correct development of the organism. Finally, we have been able to visualize the telomere RNAs at different ovarian stages of development in wild type and mutant lines, demonstrating their presence in spite of being tightly regulated by the piRNA mechanism.
Introduction
The telomere maintenance mechanism by telomerase is highly conserved among eukaryotes with the exception of some branches of the evolutionary tree. During evolution, telomerase was lost in Drosophila and likely in other dipterans. Different strategies that compensate for the lack of telomerase have been found in different insects [1] , the best studied of these being Drosophila. In Drosophila, telomeres are elongated by the specialized and targeted transposition of three non-LTR retrotransposons, HeT-A, TART and TAHRE (from now on HTT array) [2] , [3] . These three retrotransposons have established a symbiotic relationship with the host genome, inserting randomly as long head-to-tail arrays at the end of the chromosome when needed [3] . The mechanism by which the telomeres are elongated in Drosophila does not differ substantially from the one used by the telomerase ribonucleoprotein (RNP). In both cases, a template RNA is reverse transcribed onto the end of the chromosome, assisted by different proteins that are important for telomere targeting and regulation [4] . The specific steps of this mechanism in Drosophila are not yet known.
Several lines of evidence suggest that both the proteins and the RNAs encoded by the telomere retrotransposons are essential components of this mechanism (reviewed in [3] ). The level of conservation of the genes encoded by the telomere retrotransposons, HeT-A gag, TART gag and pol, suggests the existence of a negative selective pressure [5] . Therefore, the proteins encoded by HeT-A and TART are likely necessary for their transposition and, as a consequence, for telomere elongation. Previous studies have shown that the Gag protein of HeT-A is essential for telomere targeting of the telomere RNP [6] . In contrast, despite entering the nucleus with high efficiency, the TART Gag protein does not localize to the telomeres on its own and instead requires HeT-A Gag [7] . In addition, reverse transcription of the two elements at the end of the chromosome requires the enzymatic activities of the Pol protein. The TART Pol protein is composed of two different domains, an endonuclease (EN) and a reverse transcriptase (RT). Because HeT-A is a non-autonomous element lacking the pol gene, the TART Pol protein has been proposed as the most parsimonious solution for obtaining the essential enzymatic activities for HeT-A transposition. This potential symbiotic relationship between the two telomeric transposons is conserved across Drosophila species [8, 9, 10] . The TAHRE element combines the presence of a Gag protein, which highly resembles the HeT-A Gag protein, and an apparently functional Pol protein [2] . Similarly to HeT-A RNA, the TAHRE RNA has been observed in the oocyte of different piRNA mutants [11] . Nevertheless, only a few copies of the TAHRE element have been found and only in some D.melanogaster strains [3] . This scenario indicates that TAHRE transpositions are occasional and therefore cannot be considered a reliable source for telomere elongation. For this reason we have focused here on the study of the TART Pol protein.
Transposable elements (TEs) are potentially deleterious for the genome and several mechanisms of host control have evolved to regulate their transposition [12] . The control of the telomere transposons must have an additional layer of sophistication balancing their selfish nature at the time when the need for telomere elongation is being evaluated. If telomere elongation is needed, transposition of the telomere TEs must be allowed. This balance is especially relevant in germ line tissues where it is necessary to guarantee both the maintenance of telomere length of the cells that will give rise to the next generation and the genomic stability of the progeny [13] .
The piRNA (PIWI-interacting RNAs) pathway is a specialized RNAi pathway mainly present in the Drosophila germ line and committed to the control of TEs by cleaving their corresponding RNAs by the principle of complementarity [14] . The existence of different piRNA clusters composed of fragmented and full length TE copies that are transcribed generally in the antisense orientation is also a distinctive feature of control by the piRNA pathway. Interestingly the telomere transposons are not found in the piRNA clusters, although the HTT array could be considered as a particular telomeric piRNA cluster. Different PIWI proteins are responsible not only for post-transcriptional gene silencing (PTGS) but also for transcriptional gene silencing (TGS) by interacting with protein complexes involved in the modification of the chromatin. The telomere TEs are under the survey of the piRNA pathway in germ line tissues [14] .
Because they are embedded in the telomere chromatin, which itself is specifically regulated, the telomere TEs are also subjected to the action of chromatin regulatory complexes [15] . We have recently described some of the chromatin proteins involved in the epigenetic regulation of Drosophila telomeres [16] , [17] , [18] .
To gain a deeper understanding of how the telomere TEs, HeT-A and TART, actively contribute to the essential cellular function of telomere maintenance, we have investigated the localization of the different components of the telomere TEs of Drosophila. Our study constitutes the first detailed characterization of the telomere TE proteins and RNAs. Surprisingly, we detect the products of HeT-A and TART in different ovarian cell types at different stages of ovarian development, even though these two retrotransposons are tightly regulated by the piRNA pathway.
Results
HeT-A and TART RNAs are expressed in wild type and mutant ovaries
The telomere retrotransposons are expressed at low levels and previous studies have shown that HeT-A and TART sense RNAs are not detected by in situ hybridization in the germ line tissues of the Drosophila ovary in wild type conditions [19] , [20] . Nevertheless, we have been using the ovary to detect changes in HeT-A and TART expression through quantitative RT-PCR [21] , [22] .
To try to visualize the transposition intermediates of the telomere retrotransposons that we have been able to detect by molecular methods, we performed in situ hybridization using the Tyramide signal amplification (TSA) method (see M&M). We carried out parallel experiments using three different strains: a wild type (wt) strain; GIII, a strain that has longer telomeres and thus higher HeT-A and TART copy number [23] ; and a strain mutant for the piRNA pathway gene aubergine (aub) in which HeT-A and TART transcription is de-repressed [24] . Using this sensitive method, we were able to detect expression of both HeT-A and TART in a wt background. The fact that the observed localization of the transcripts was in agreement with previous studies of piRNA pathway mutants [20] , [19] , together with an increase in the localized signal in the GIII and aub mutant backgrounds, confirmed the specificity of the probes used in these experiments.
The female germline in Drosophila consists of 12-18 ovarioles each of which starts with the germarium where the stem cells reside and where the oocyte differentiates. Each oocyte is connected at its anterior end to 15 sister germline cells. This 16 cell cluster is surrounded by a somatic follicular epithelium to form an egg chamber [25] . Oogenesis proceeds through 14 morphologically defined stages, ending in the production of a mature oocyte. The HeT-A sense is visible in the cytoplasm of both the nurse cells and the somatic follicle cells of wt egg chambers beginning at stage 5-6 of oogenesis (Fig 1A-1D) . In addition, a few bright dots are observed in some nuclei of the nurse and in the border cells, a specialized set of follicle cells that are important for the formation of the sperm entry structure or micropyle [26] (Fig 1A-1D) . Interestingly, these well-defined nuclear dots are also observed with the TART Pol protein in the nuclei of the same cells (see below).
In a GIII background, the distribution of HeT-A sense RNA is equivalent to that in wt ovaries but in all cases, the RNA levels in the cytoplasm and intranuclear dots of nurse and border cells are dramatically increased (Fig 1E-1H) .
In the aub mutants there is a slight decrease in the number of bright dots within the nurse cell nuclei (Fig 1I-1N ). This result could suggest that HeT-A RNA is largely transferred from the nucleus to the cytoplasm. This phenotype would be consistent with a mutant of the piRNA pathway. In addition, the HeT-A sense RNA is visible inside the oocyte which likely reflects the increase in RNA levels in the nurse cell cytoplasm (Fig 1I-1M) .
Images of GIII and aub mutant ovaries were captured using the same settings as the ones used for the wt. However, because of the substantial increase in HeT-A probe signal intensity in the mutants, the images shown in Fig 1E-1N have been adjusted to lower intensity levels in order to reveal the specific RNA distribution.
When we analyzed the distribution of the TART sense RNA in a wt background we found that bright dots were observed inside some nurse cell nuclei by the end of stage 10 ( Fig 2C and  2D ). In the GIII background, the same localization was observed but the signal appeared earlier in oogenesis, after stage 5, and faint staining was observed at even earlier stages ( Fig 2B and 2F and data not shown). In addition, the follicle cell nuclei exhibited a novel, well-defined dot not visible in wt (Fig 2A and 2E ). In aub mutant ovaries, TART sense RNA was detected beginning in the germarium and then in the cytoplasm of nurse and follicle cells (Fig 2G and 2H ). In contrast to both wt and GIII ovaries, aub mutant nurse cell nuclei contained a single, larger dot ( Fig 2B,2F and 2I. In addition, no signal was detected in the follicle cell nuclei (data not shown).
Because the telomere retrotransposons have been shown to produce both sense and antisense transcripts [27] , [5] , we proceeded to analyze the distribution of the antisense RNAs. The level of HeT-A antisense RNA was too low to be detected in a wt background even with the TSA method (S1A and S1B Fig). In the GIII background, the antisense HeT-A RNA can be detected in a few nurse cell nuclei as a well-defined dot, but the intensity is always lower than that of the sense HeT-A RNA (S1C-S1E Fig) . The TART antisense RNA has been shown to be more abundant than the sense species in all tissues studied [27] , [28] , [29] , [8] , [9] . Consistent with this, we readily observed TART antisense RNA in the germ line tissues (S2 
HeT-A Gag and TART Pol are visible in different ovarian cells and in neuroblasts
In order to better understand the necessary steps of the life cycle of HeT-A and TART, we investigated the localization of two of the proteins that they encode, HeT-A Gag and TART Pol, in germ line tissues. We have detected the presence of the telomeric proteins in nurse cells, follicle cells, and border cells. We have also analyzed neuroblasts, the precursors of the larval brain, which are actively diving cells where telomere replication is necessary and therefore provide an opportunity to study the telomere TEs.
To detect these proteins, we generated peptide antibodies that specifically recognize the endogenous HeT-A Gag and TART Pol proteins. We also generated HeT-A and TART fusion proteins with GFP, CTAP and Flag tags. We confirmed that the antibody to HeT-A Gag recognizes bands of the expected size for HeT-A Gag-GFP and Gag-Flag fusion proteins expressed upon transfection of S2 cells as well as the endogenous protein in brains of 3 rd instar GIII larvae (Fig 3A) . In the case of TART Pol, the antibody was generated using a peptide sequence from the RT domain. We generated stably transfected cells with the TART RT domain fused to the CTAP tag. The anti-TART Pol antibody recognizes a band of the expected size for the TART RT-CTAP protein in S2 cells as well as the endogenous protein in brains of 3 rd instar GIII larvae (Fig 3B) . The specificity of these antibodies in immunolocalization experiments was verified by comparison of wt, GIII, and aub mutant tissues (see above).
Our results indicate that in wt, HeT-A Gag is found at the first stages of oogenesis in both, nurse and follicle cells. In nurse cells, HeT-A Gag is especially abundant in the nucleus and also clearly visible in the cytoplasm but gradually disappears and is no longer present by stage 5-6 (Fig 4A-4C ). In the follicle cells, HeT-A Gag is found mainly in the cytoplasm around the nuclear membrane, where it persists through subsequent stages (Fig 4B-4D) . When HeT-A Gag is analyzed in a GIII background, the main difference is observed in the follicle cells, where HeT-A Gag is significatively increased from the beginning until stage 6 of oogenesis (Fig 4E-4G) . In aub mutants, expression of HeT-A Gag in the nurse cells and follicle cells persists to at least stage 8 (Fig 4H-4M ). Most notably, HeT-A Gag accumulates in the developing oocyte (Fig 4J and 4M) and also forms well-defined bright dots within the nurse cell nuclei (Fig 4K  and 4L) .
We have detected both HeT-A Gag and TART Pol proteins in wt neuroblasts (Fig 5) . HeT-A Gag and TART Pol co-localize in several spots that correspond to telomere clusters near the nuclear membrane [30] , [31] . In the case of neuroblast preparations from the GIII strain, similar nuclear dots were observed but this time with an increased level of co-localization of both proteins (Fig 5) .
TART Pol shows a distribution similar to HeT-A Gag (Fig 4D) in the follicle cells, accumulating close to the nuclear membrane- (Fig 6B) . TART Pol also accumulates around the nurse cell nuclei during the first stages of oogenesis but this localization disappears by stage 4 ( Fig  6A-6C) . In addition, a single bright dot of TART Pol is observed within each nurse cell nucleus at stages 2-3 ( Fig 6B) . By stage 4, each nucleus contains several dots that often appear as strings (Fig 6C) . In both GIII and aub mutant backgrounds, the distribution of TART Pol is very similar to that in wt, but the protein persists to later stages and there is an increased number of intranuclear dots at stages 4-5 (Fig 6F-6K ). In addition, TART Pol is clearly visible in both the nucleus and cytoplasm of the border cells from the beginning of their migration (stage 9) (Fig  6D and 6E) . This unexpected distribution is shared with another component of the telomeric RNP, the HeT-A RNA. The levels of both TART Pol and HeT-A sense RNA in the cytoplasm and nucleus of border cells are significatively increased in a GIII background (Fig 1F and 1G ) (see previous section and Discussion).
In summary, we have found both HeT-A Gag and TART Pol in the nuclei of the nurse cells as well as in the cytoplasm of the follicle cells until stage 6 of oogenesis. Interestingly, this is the point when follicle cells stop undergoing mitosis and begin endoreplication cycles [32] . TART Pol is also observed at the border cells.
The well-defined dots of TART Pol in nurse cells are not the telomeres
We investigated if the well-defined bright dots within the nurse cell nuclei that contain both HeT-A Gag and TART Pol correspond to the telomeres. Thus, we detected both proteins in egg chambers expressing the telomere protein Hoap (Heterochromatin Protein 1 and ORC associated protein) fused to GFP to mark the telomeres [33] . The co-localization of HeT-A Gag with Hoap confirmed its telomeric localization (Fig 7A-7D) . In contrast, TART Pol and Hoap do not co-localize, indicating that TART Pol is not on the telomeres (Fig 7E-7H ).
TART Pol is found at the nuage structure
The peri-nuclear localization of the TART Pol protein in the nurse cells is reminiscent of the nuage structure, a specialized structure essential for the processing of the piRNAs [14] . Therefore we proceeded to investigate if TART Pol has the same localization as known components of the nuage structure such as Aub and Vasa (Vas). We co-visualized TART Pol together with GFP-Aub (Fig 7I-7K) or Vas-GFP (Fig 7L-7N) . Only a few regions of co-localization between TART Pol and Aub (Fig 7I-7K) or Vas (Fig 7L-7N) were observed, suggesting that TART Pol is only partially found in the nuage.
Discussion
The RNAs of the telomere TEs are present at different stages of the germ line development
As previously demonstrated, HeT-A and to a lesser extend TART are targets of the piRNA machinery [34] , [20] , [19] . Transposition in germ line tissues is dangerous because it results in new insertions that will be inherited by the next generation and therefore, control of transposable elements in these tissues is especially important [14] , [11] . By comparing a GIII background, which has increased expression of the telomeric transposons but maintains the mechanisms of TE control as in wt, with aub mutants that are impaired in piRNA pathway function, we have provided additional evidence for such control over HeT-A and TART. The observed decrease in the amount of HeT-A and TART RNA within the nurse cell nuclei in aub mutants is consistent with increased export of the transposon mRNAs from the nucleus to the cytoplasm. Accordingly, the bright dots observed in the wt and GIII backgrounds could be explained as accumulation of the sequestered HeT-A and TART RNAs inside the nuclei resulting from the action of the piRNA control at this step of their life cycle and confirming once more the survey of the telomere RNAs by the piRNA machinery in both the wt and GIII backgrounds. Similar results have been obtained for other non-LTR retrotransposons such as the I factor [35] . In accordance with an increased transfer of HeT-A RNA to the cytoplasm, HeT-A Gag protein is also detected in the nurse cells of this mutant background.
In spite of the high efficiency of the piRNA mechanism, TEs occasionally manage to escape this control and new transpositions are sometimes possible [36] . When this occurs, new transpositions are not necessarily deleterious and become the substrate for variability, thereby increasing the plasticity of the genome. The possible benefit of HeT-A and TART transposition goes beyond genome plasticity since their transpositions are needed to maintain the receding end of the telomeres after each cell division [36] , [37] . Therefore, the established control over the telomere retrotransposons must accommodate exceptions depending on the need for telomere replication at each stage. How HeT-A and TART manage to escape the control by the piRNA pathway is not yet known, suggesting that additional mechanisms by which TEs manage to escape genome control remain to be discovered.
HeT-A Gag and TART Pol co-localize at the telomeres in telomere replicating cells such as the neuroblasts
It was believed that telomere replication was only performed when terminal erosion drove telomere length to a critical limit. Studies in vertebrates as well as in Drosophila indicate that telomeres are very dynamic, being extensively reset and built de novo at certain steps of development [38] . In this scenario, several sequential transpositions would be needed in order to replenish the receding telomere length in a short period of time. Accordingly, we and others have demonstrated that several telomeres of different D.melanogaster strains have an HTT structure and composition in agreement with this hypothesis [21] [39] .
The larval neuroblast populations are the precursors of the adult neurons. These neuroblasts divide hundreds of times [40] , beginning in the first larval instar stage and continuing until early pupal development. Different studies have demonstrated that the larval brain is one of the developing tissues with higher expression of the telomere retrotransposons [41] , [16] and, more importantly, our previous work demonstrated that this high rate of mitotic divisions requires telomere replenishing since impairment of this process is highly deleterious [16] . We have now shown that both proteins, HeT-A Gag and TART Pol accumulate in foci in the nuclei of these cells. Co-localization was observed in several spots close to the nuclear membrane, which have previously been identified as telomeres [30] , [31] . Neuroblast preparations from the GIII strain show the same pattern of foci. The co-localization of HeT-A Gag and TART Pol in these highly dividing cells together with their simultaneous presence at the follicle cells until stage 6, the stage at which they stop proliferating and enter the endocycles, suggests that HeT-A Gag and TART Pol co-localize when the cell is undergoing division in addition of replication.
Both, nurse and follicle cells undergo several rounds of endoreplication in order to provide the oocyte with the required components as well as the eggshell. Interestingly, we have found no evidence for the presence of the telomere RNP (proteins or RNAs) in endoreplicative tissues such as salivary glands or the adult tracheal progenitors (data not shown). Thus it was surprising to find HeT-A Gag and TART Pol in the nuclei of endoreplicating nurse cells and follicle cells. Their accumulation may be related to an alternative function other than telomere replenishing which does not require their co-localization. Recently, extra-telomeric roles have been described for several telomere components in other organisms, like fission and budding yeast as well as mammals [42] . For example, telomerase-spliced forms have been described that are important to stimulate proliferative capacity without telomere elongation. Interestingly, some of these spliced forms seem to be conserved in evolution [43] .
TART Pol and HeT-A RNA co-localize in the border cells
Border cells are a subset of follicle cells that are recruited by the anterior polar follicle cells at stage 8 to encircle them and form a migratory cell cluster [44] . Neighboring polar cells start to signal through the production of Unpaired (UPD), which activates the Janus Kinase (JAK), whose phosphorylation activity will activate the Signal Transducer and Activator of Transcription (STAT). STAT then activates a downstream pathway. Ken, a DNA binding protein is among the different downstream targets of the JAK-STAT pathway [45] . Interestingly, we have recently demonstrated that Ken is involved in the control of Drosophila telomeres by regulating the expression of the TART retrotransposon through specific binding sites [17] .
HeT-A is the most active of the three telomere retrotransposons and TART Pol is the best candidate to supply the enzymatic activities for HeT-A transposition [3] . The presence of TART Pol and HeT-A RNA from stage 9 onwards in the border cells, when the polar cells activate the signaling pathway responsible for activating Ken, suggests the possibility that HeT-A might be actively transposing in these cells. Although involvement of the telomere retrotransposons in the fate of the border cells seems unlikely, our results suggest a connection between the biology of these cells, telomere replication and/or TEs life cycle.
Unexpected localization of the telomere TE proteins
Interestingly, the location of bright foci of TART Pol over regions of nurse cell nuclei distant from the telomeres coincides with the localization of another component of the telomere RNP, the HeT-A RNA. As extra-telomeric roles for different telomere components in yeast and mammals have been recently demonstrated [42] , it is possible that the non-telomeric localization of TART Pol and the HeT-A RNA reflects an alternative function of these components. Telomere components like some of the shelterin units have been shown to bind and act as transcription factors for many non-telomeric genes [46] , [47] . Moreover, as mentioned earlier, alternative spliced forms of telomerase are able to induce cell proliferation without inducing changes in telomere biology [42] . Finally, the presence of both HeT-A Gag and TART Pol proteins and the HeT-A RNA in the nurse cell nuclei opens the possibility that the HeT-A elements might be opportunistically transposing inside these cells although the new transpositions in nurse cells will not be passed on the next generation.
Conclusions
Our study shows for the first time the localization of the different components of the telomere RNP in Drosophila. HeT-A Gag and TART Pol, two of the main components of the telomere RNP, co-localize in telomere replicating cells as shown for neuroblasts. In addition, the presence of TART Pol and the HeT-A sense RNA in the border cells points to an alternative and extra-telomeric role for these telomere components in this cellular type.
Finally, subtle changes in telomeres or extra-telomeric effects of telomere components have been suggested to be pivotal for different cell types or tissues to adapt to their specific environment or developmental stage [42] . Essential processes such as mitochondrial function, energy metabolism or time of replication are controlled by telomeric proteins in mammals and yeast, respectively [42] . Therefore, the description of the localization of the Drosophila telomere proteins in different tissues provides insight on how telomere biology and the telomere retrotransposons in Drosophila might be linked to several essential cellular processes.
Materials and Methods

Generation of primary antibodies
Antibodies were generated from two immunized rabbits, after inoculation of the synthesized peptide. Peptide for anti-HeT-A Gag antibody: AAIKIVNSLSHKKKEC. The peptide for anti-TART Pol antibody is from the Reverse transcriptase domain (RT): FSETIKSHPNIAVRRC.
Rabbit immunizations included in this study were carried out in the animal facility of the Research and Development Center (CID) from the Spanish Research Council (CSIC)-Registration Number: B9900083-, in strict accordance with the bioethical principles established by the Spanish legislation, which follows the international agreements on that matter. All efforts were made to minimize suffering of the animals. The protocol used for the production of antibodies was approved by the Committee of Bioethics and Animal Experimentation of CID and notified to the competent authorities. Fluorescence in situ hybridization of ovaries
Fly stocks
Ovaries were dissected, fixed, and washed as described for immunofluorescence. In situ hybridization was performed as described in [26] . Tyramide signal amplification was performed for 30 min with Alexa Fluor 568 Tyramide (TSA kit; Invitrogen-Molecular Probes) according to the manufacturer's instructions. DNA was stained with To-Pro-3 (1:1000) for 30 min. Samples were mounted in Vectashield (Vector laboratories), and images were obtained using a Leica SPE confocal microscope using 20x, 40x and 63x objectives. Probes used for the in situ hybridization Full-length sequences of HeT-A Gag and TART Pol were digested with PstI/HindIII and PstI/SacI respectively and re-cloned into the pSTBlue-1 vector in order to synthesize sense and antisense probes by in vitro transcription using the Sp6/T7 DIG RNA Labeling Kit (Boehringer).
Transient transfection of S2 cells
Drosophila S2 cells were seeded at 3 x 10 6 cells/ml and grown in Schneider's medium (Sigma) in 10% fetal bovine serum at 25°C. Cells were transfected with 1 μg of the recombinant construct containing the desired fusion protein (HeT-A Gag-GFP and HeT-A Gag-Flag). The Effectene transfection reagent (Qiagen) was used according to manufacturer's instructions. At 48 hr after transfection, cells were washed once in PBS, and were prepared for microscope observation or pelleted and frozen at -80°C for protein immunoprecipitation.
Generation of stable transfected S2 cell lines
The TART-RT domain was amplified in order to eliminate the natural stop codon and was subcloned into the pMK33-CTAP vector [48] using a BamHI restriction. Drosophila S2 cells were grown in Schneiderʼs medium (Sigma) in 10% fetal calf serum at 25°C. Cells were transfected with 2 μg of pMK33-based construct (TART-RT-CTAP) using Effectene transfection reagent (Qiagen). After three days of incubation, cells were subjected to selection in the presence of 300 μg/ml of Hygromycin B (Sigma). Cell medium was changed every week without disturbing the selected cells. Stable cell lines were established after approximately one month.
Optimization of the necessary amount of CuSO 4 to induce production of the desired fusion protein from the stable established cell line was performed. TART-RT-CTAP cells were induced with 200 μM CuSO 4 for 24 hours. Then, cells were collected, centrifuged 5 min at 1800 rpm, washed with PBS, and frozen at -80°C.
Protein immunoprecipitation of S2 cells and larvae brains
Protein extracts from S2 cells or brains of 3 rd instar larvae were prepared in 1 ml lysis buffer SB (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 1% TritonX-100, 1 mM EDTA, 1 mM EGTA, and Complete EDTA-free protease inhibitor cocktail from Roche), incubated on ice for 20 min, and centrifuged at 13000 rpm for 10 min at 4°C. Fresh lysates were incubated with 50 μl PureProteome Protein A and Protein G Magnetic Beads (Millipore) coated with specific antibodies, for 2 hours at 4°C with rotation. The magnetic beads were previously incubated with the respective antibodies in 1 ml lysis buffer for 1 hour at 4°C with rotation and washed 3 times with 1 ml lysis buffer. Immunocomplexes were washed 6 times with lysis buffer and eluted from the beads with 40 μl sample buffer. Samples were boiled for 10 min, loaded on an SDS-PAGE gel and analyzed by Western Blot. Mouse α-GFP antibody (Invitrogen, A11120) was used for protein immunoprecipitation, and rabbit α-TAP (Thermo Scientific) and mouse α-GFP (Roche) antibodies were used in Western Blot experiments.
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